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ABSTRACT 
Characterization of the Viscoelastic Behavior of Pharmaceutical Powders 
Barbara Jane Robinson 
Antonios Zavaliangos, PhD. 
 
 
 
 
Currently, the leading means of drug delivery is by oral administration, and tablets produced 
by powder compaction are the most widespread form of oral dosage. Understanding the mechanical 
behavior of powders allows for a rational design of complex compacts (bilayer, core in tablet, etc.).  
Pharmaceutical formulation development difficulties often arise during the scale up process, due to 
significant increase in production rate and local strain rates, when problems are the most detrimental, 
in terms of time and money.  Viscoelasticity is one of the rate dependent characteristics of powder 
compaction. The main goal of this research is to evaluate the role of viscoelasticity on the powder 
compaction process. 
Current literature concerning viscoelastic behavior of powder compacts focuses on the 
modulus of elasticity. Equally, or even more important is the viscoelasticity of the bulk modulus, since 
few would argue that powder compaction is a bulk phenomenon which is not equivalent to simple 
tension or simple compression. Additionally, the experimental techniques used in the literature 
involve primarily out of die viscoelastic testing mechanisms. In die viscoelastic tests would provide a 
more complete explanation of the viscoelastic role in powder compaction. For the aforementioned 
reasons, this work is primarily focused on characterizing the viscoelastic behavior of compacts by 
dynamic mechanical analysis inside of a cylindrical die. 
This thesis includes a review of the existing literature, experimental results for Starch and 
MCC compacts, and some numerical simulation to support the experimental results. The results 
include the evaluation of the role of friction in the accuracy of the measurements, the limits of linear 
behavior, and the effect of relative density. Contrary to prior references in the literature the bulk 
modulus is viscoelastic but the corresponding dissipation factor is less than that of the Young’s 
modulus.  
1 
Chapter 1:  Introduction 
The principal means of drug delivery today is by oral administration. Among the 
various forms of oral dosages, tablets produced by the compaction of powders are the 
most common. The outstanding popularity of tablets is attributed to many factors, such as 
the convenience and safety of drug administration by means of the oral route, chemical 
and physical stability as compared to other dosage forms, and the ability to be mass-
produced by a robust and quality-controlled process. [1] However, despite their 
prevalence, problems still exist in the production of tablets. 
Pharmaceutical formulation development difficulties often arise during the scale 
up process, due to significant increase in speed, when problems are the most detrimental, 
in terms of time and money.  At this stage of development, a great amount of time, 
money, and resources has been exhausted on the particular drug formulation and it is 
expected that scale up will mass produce tablets according to pre-defined quality 
specifications. Despite this expectation there are several rate dependent material 
characteristics exhibited by pharmaceutical powders which can become exaggerated 
during the increased speed of the scale-up process. Some of these rate dependent 
characteristics of powder compaction include viscoelasticity, temperature due to heat of 
compaction, air entrapment, and dependence of friction on velocity. The main goal of this 
research is to evaluate the role of viscoelasticity on the powder compaction process.  
 
1.1 Powder Compaction 
In order to understand the viscoelastic behavior of pharmaceutical compacts, it is 
first important to understand the powder compaction process by which they are formed. 
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Powder compaction is defined as the formation of a porous specimen by reduction in 
volume of a powder through application of force [1]. The general method of compaction 
involves three different steps, including die fill, tablet formation, and tablet ejection, and 
is better known as the compaction cycle. Die fill is achieved by gravitational flow of the 
powder from the hopper and into the die, which is closed at the bottom end by the lower 
punch. Tablet formation occurs when the upper, and sometimes also the lower, punch 
move onto the powder so as to compress it into a tablet. At the end of the tablet formation 
step the upper punch retreats from the die. Finally, tablet ejection is accomplished by 
moving the lower punch upward until flush with the top of the die, at which time a 
pushing device removes the tablet. Figure 1.01 presents a schematic of this compaction 
cycle. [1,2] 
 
 
Figure 1.01:  Schematic of the Compaction Cycle [1] 
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Pharmaceutical development technology involves two main types of tablet 
presses, the single station press and the rotary press.  Single station tablet presses are 
often used in early pharmaceutical development and contain only one set of punches and 
one die. In terms of output, a single station press can only produce up to 200 tablets per 
minute and thus is used during formulation development and very small clinical scale-up 
batches. The rotary tablet press, on the other hand, contains several dies and sets of 
punches which are arranged in a circle around a die table. During operation both the die 
table and the punches rotate so that one die is always matched with one set of punches. 
The movement of the punches in controlled by compression wheels incorporated into the 
design. Figure 1.02 depicts a schematic of a rotary tablet press. A rotary tablet press is 
capable of producing over 10 000 tablets per minute, which is why it is used for scale-up 
and large scale production.[1,3] The great difference in speed between the early 
development single station press and the scale-up rotary tablet press should be noted.  
In addition, in research and development, compaction simulators are often used. 
Compaction simulators are highly instrumented single station presses capable of 
emulating a modeled compaction event. They can be either hydraulically or mechanically 
powered to control and vary the punch displacement profiles considerably. These 
machines can be used to mimic the loading pattern of production presses which is why 
they are sometimes used in formulation development. Hydraulic compaction simulators 
consist of a hydraulic power unit, the load frame, and the data/information management 
system. In other words, they use a regular press station and hydraulically control the 
vertical motion of the punches.[1,10,11] A schematic of a hydraulic press is illustrated in 
Figure 1.03. Mechanical compaction simulators, on the other hand, are designed to 
4 
simulate production tablet presses without using hydraulic controls. Instead, the punches 
and die are moved through a linear carriage equipped with compression rolls which can 
be changed to replicate different production presses. Therefore, mechanical compaction 
simulators are claimed to apply the design of traditional rotary tablet presses more 
exactly. [1,10,11] 
 
 
Figure 1.02:  Schematic of a Rotary Tablet Press [3] 
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Figure 1.03: Schematic of a Hydraulic Tablet Press (Compaction Simulator) [3] 
 
1.2 Viscoelasticity 
 Viscoelasticity is time dependent, recoverable deformation. It is definitive of 
materials that exhibit both elastic and viscous characteristics when undergoing 
deformation. Consequently, viscoelastic behavior is generally defined in terms of two 
types of ideal materials: the elastic solid and the viscous liquid. An elastic solid has a 
specific shape which upon application of a load is deformed into a new equilibrium 
shape.  When the load is removed the elastic solid reverts instantaneously back to its 
original shape. Viscous liquids, on the other hand, possess no definite shape and, upon 
application of an external load, flow irreversibly. [4]  
Simple elastic solids follow the classical theory of elasticity. This means that they 
obey Hooke’s law, equation (1), where σ is stress, E is modulus, and  is strain. In the 
presence of small deformations, stress is always proportional to strain but independent of 
the strain rate. On the contrary, the simplest viscous liquids are defined by the theory of 
6 
hydrodynamics, equation (2), where σ is stress,  is viscosity, and  is strain. They obey 
Newton’s law and stress is always proportional to strain rate but independent of strain.[5] 
𝜎𝐸 = 𝐸𝜀                                                                    (1) 
𝜎𝑉 =   
𝛿𝜀
𝛿𝑡
                                                                 (2) 
Although the behavior of some solids may approach Hooke’s law at infinitesimal 
strains and the behavior of some liquids may approach Newton’s law at infinitesimal 
strain rates, these two categories are mere idealities. Most materials display 
characteristics between these two categories which is why their behavior is defined as 
viscoelastic. When a system exhibits behavior that combines both solid-like and liquid-
like characteristics at infinitesimal strains and strain rates, and the time-dependent stress-
strain relationships can be defined by linear differential equations with constant 
coefficients, the behavior is known as linear viscoelasticity. In other words, for a given 
experiment during which a single value stress is applied, the ratio of stress to strain is a 
function of time, or frequency, alone, and not a function of stress magnitude. However, 
for systems with a complex stress history, the linearity is defined in terms of the 
superposition principle. For example, if σ1(t) corresponds to 1(t) and σ2(t) corresponds to 
2(t) then σ1(t) + σ2(t) corresponds to 1(t) + 2(t). [5,6] 
Materials which display viscoelastic behavior demonstrate such 
behavior/response as creep, stress relaxation, and stress-strain hysteresis. Creep is a time 
dependent increase in strain following a step change in stress. As an example, under a 
constant stress, a material that is not completely solid cannot maintain constant 
deformation, instead deformation increases slowly with time. Stress relaxation, on the 
other hand, describes how viscoelastic materials relieve stress under constant strain. For 
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instance, while under constant deformation, the stress required to hold that deformation in 
a material, which is not completely solid, will be reduced over time.  Finally, stress-strain 
hysteresis in viscoelastic materials signifies the energy dissipation which occurs during 
deformation. For example, while flowing under a constant stress, a material that is not 
completely liquid may store some of the energy input instead of dissipating it as heat. As 
a result, the material will recover some of the deformation it underwent but not all of it. 
Visual representations of creep, stress relaxation, and stress-strain hysteresis can be 
located in Figure 1.04(a), 1.04(b), and 1.04(c), respectively. [4,5,6] 
 
 
     
(a)                                          (b)                                            (c) 
Figure 1.04: Visual Representations of (a) Creep, (b) Stress Relaxation, and (c) 
Hysteresis 
 
 
 
 One of the main techniques used for characterizing the viscoelastic behavior of a 
material is known as Dynamic Mechanical Analysis, or DMA, which is capable of 
measuring the dynamic mechanical properties of a material. This particular experimental 
technique applies an oscillatory stress or strain to the sample and measures the resulting 
strain or stress output, which will also be oscillatory. DMA is often used to measure 
viscoelasticity because when a viscoelastic material is subjected to an oscillating 
8 
stress/strain, the output strain/stress is neither exactly in phase with the input, nor is it 90° 
out of phase but falls somewhere in between.[6] As an example, if the strain is the 
sinusoidal input, and therefore fixed by the instrument, it is given by equation (3). As a 
result, the output stress response takes the form of equation (4), since it lags the strain by 
an angle, .[16] In these equations, 𝜀 is strain, 𝜎 is stress, 𝜔 is frequency, t is time, and 𝛿 
is the phase shift. 
𝜀 = 𝜀𝑜 sin 𝜔𝑡                                                              (3) 
𝜎 = 𝜎𝑜 sin 𝜔𝑡 + 𝛿                                                         (4) 
This follows the concept that a viscoelastic material behaves as a combination of 
two idealities: the elastic solid and the viscous liquid. In general, when an elastic solid is 
subjected to an oscillating stress, the resulting strain response will be completely in phase 
with the input stress signal. Quite the opposite, when a viscous liquid is subjected to an 
oscillating stress, the resulting strain response will be 90° out of phase with the input 
stress signal. Naturally, most materials do not behave ideally and therefore the DMA 
output strain response is characterized by a phase lag somewhere between 0° and 90°. 
Figure 1.05(a), 1.05(b), and 1.05(c) show graphical representations of the cyclic stress-
strain behavior of an elastic material, a viscous material, and a viscoelastic material, 
respectively. [5] 
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(a)                                                              (b) 
 
 
(c)  
Figure 1.05: Graphic Representations of Cyclic Stress-Strain Behavior of an Elastic 
Material (a), a Viscous Material (b), and a Viscoelastic Material (c). [22] 
 
 
The specific phase lag or phase angle is definitive of the ratio of the energy 
dissipated during deformation (the viscous part of the response) to the energy stored 
during deformation (the elastic part of the response). In other words, the stress-strain 
relationship resulting from DMA can be defined by two terms: E` and E`` (see equation 
(5)). E` is a quantity in phase with the stress input, known as the storage modulus, and is 
representative of the energy stored during deformation. E`` is a quantity 90° out of phase 
with the stress input, known as the loss modulus, and is representative of the energy 
dissipated during deformation. In general, E’ and E’’ define a complex modulus, E*, 
which has a real (storage) and an imaginary (loss) part. Equation (6) shows this 
relationship. [4] 
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𝜎 = 𝜀𝑜𝐸 sin 𝜔𝑡 + 𝜀𝑜𝐸𝑐𝑜𝑠 𝜔𝑡                                             (5) 
𝐸∗ = 𝐸 + 𝑖𝐸                                                               (6) 
𝑡𝑎𝑛𝛿 =
𝐸
𝐸
                                                                 (7) 
The ratio of E`` to E` is a very important experimental result of DMA as it is 
representative of the loss factor, tan, see equation (7). It is important to note that the loss 
factor is dimensionless and carries no physical magnitude; however, it is a measure of the 
ratio of energy lost to energy stored in cyclic deformation. Therefore, tan is a measure 
of the relative energy dissipation in the material. Moreover, it is representative of certain 
macroscopic physical properties, such as the damping of free vibrations, the attenuation 
of propagated waves, and the frequency width of a resonance response. A high loss factor 
indicates large viscoelastic effect, while a low loss factor indicates small viscoelastic 
effect. [5]  
 The ratio of energy dissipated per cycle (W) to the maximum elastic energy 
stored per cycle (W) is given in equation (8). The energy dissipated per cycle calculated 
by the cyclic integral of stress in terms of strain and is solved by substituting for σ and , 
as seen in equation (9). In addition, if the integral for W is only evaluated over a quarter 
cycle instead of a full cycle, the first term gives the maximum elastic energy stored per 
cycle, as seen by equation (10). [4] 
∆𝑊
𝑊
= 2𝜋  
𝐸′′
𝐸′
 = 2𝜋 𝑡𝑎𝑛𝛿                                                  (8) 
∆𝑊 = 𝜔𝜀𝑜
2   𝐸′ sin 𝜔𝑡 cos 𝜔𝑡 + 𝐸′′ 𝑐𝑜𝑠2(𝜔𝑡) 
2𝜋/𝜔
0
𝑑𝑡 = 𝜋𝐸′′ 𝜀𝑜
2             (9)  
𝑊 = 𝐸′𝜔𝜀𝑜
2  [sin 𝜔𝑡 cos⁡(𝜔𝑡)]
𝜋
2𝜔
0
𝑑𝑡 =
1
2
 𝐸′𝜀𝑜
2                              (10) 
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Overall, DMA experiments for viscoelastic materials return three important 
results: the storage modulus (E`), the loss modulus (E``), and the loss factor (tan). 
Experimentally, typical magnitudes for E`, E``, and tan for a polymer are 109 Pa, 107 Pa, 
and 0.01, respectively. [4] 
 
1.3 Shear versus Bulk Viscoelasticity 
 In terms of viscoelastic behavior, it is important to note the difference between 
shear viscoelasticity and bulk viscoelasticity. Definitions of the different types of elastic 
moduli are help in this matter. The Young’s modulus or modulus of elasticity is defined 
as the ratio of uniaxial stress to uniaxial strain in the range that Hooke’s Law holds. The 
shear modulus or modulus of rigidity, on the other hand, is the ratio of shear stress to 
shear strain. Lastly, the bulk modulus, by definition, is the pressure increase necessary to 
cause a given relative decrease in volume. Figure 1.06 illustrates the differences between 
these three moduli along with their representative equations.  
 
 
𝐸 =
𝜎𝑖𝑖
𝜀𝑖𝑖
𝑤𝑕𝑒𝑛 𝜀𝑗𝑗 = 0 𝑓𝑜𝑟 𝑗 ≠ 𝑖         𝐺 =
𝜎𝑖𝑗
2𝜀𝑖𝑗
𝑓𝑜𝑟 𝑗 ≠ 𝑖                  𝐾 =
 𝜎𝑖𝑗
3  𝜀𝑖𝑗
    
 
Figure 1.06: Differences between Young’s Modulus (E), Shear Modulus (G), and Bulk 
Modulus (K). 
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Now that the moduli have been defined, it is easier to describe the difference 
between shear and bulk behavior. The mechanical behavior of a material in shear can be 
interpreted in molecular terms because there is no change in volume occurring with the 
change in shape. Bulk deformations, on the other hand, involve a change in volume as 
well as a change in shape. Because of this difference in character, shear and bulk 
deformation may be connected to very different molecular processes. [5] 
 As for experimental data, there is much less for bulk viscoelastic properties as 
compared to shear. Moreover, given that voluminal changes should be dictated by local 
configurational rearrangement, which are rarely affected by entanglements, molecular 
weight, or crosslinking, a narrower range of behavior between different polymeric 
systems is expected. [5] 
 Using experimental data for polyvinyl acetate as an example, differences in shear 
versus bulk viscoelastic behavior are evident. For instance, the complex shear and bulk 
compliance are analogous to one another but for polyvinyl acetate they show several 
dissimilarities. While the storage compliance in both bulk and shear deformation fall 
from a low-frequency limiting value to a high-frequency limiting value, this drop in 
compliance is less than a factor of two for bulk deformation instead of many powers of 
ten exhibited in shear deformation. Furthermore, the region of frequency at which the 
transition in compliance occurs is shorter for bulk viscoelastic behavior than for shear 
viscoelastic behavior. [5] 
For bulk viscoelasticity, in molecular terms, the transition from high to low 
compliance is explained quite simply. The low-frequency value is reflective of decreased 
volume under pressure due to a combination of reduction in atomic and molecular 
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dimensions along with a collapse in free volume, involving local configurational 
adjustments which require longer times. On the contrary, the high-frequency value is 
reflective of decreased volume under pressure only due to reduction in atomic and 
molecular dimensions since time is too short for local configurational adjustments. [5] 
 
1.4 Viscoelastic Models 
 Linear viscoelastic behavior is often described through the use of empirical 
models consisting of various combinations of massless Hookean springs and Newtonian 
dashpots. The elastic solid behavior is accounted for by the springs, whereas the viscous 
liquid behavior is accounted for by the dashpots. All models assume that upon application 
of a constant stress, a constant deformation in the spring and a constant rate of 
deformation in the dashpot is produced. In general, springs have the ability to recover 
deformation and dashpots do not. [20] 
 One of the simplest viscoelastic models consists of a spring of modulus EK and a 
dashpot of viscosity K oriented in parallel with one another. This is termed the Kelvin-
Voigt model of which a graphical representation can be found in Figure 1.07(a). Upon 
application of a constant stress σ at time t = 0, the spring is unable to undergo 
instantaneous extension since it is retarded by the response of the dashpot. Therefore, 
deformation occurs at a varying rate dependent on the dashpot until the spring reaches a 
finite maximum extension. On the contrary, upon removal of the stress the reverse 
process occurs (Figure 1.07(b)). In general, the stress is shared between the two 
components, σ = σ1 +σ2, but the strain in each component is equivalent to the total strain, 
 = 1 =2. By combining these relations with the stress-strain behavior of the spring, σ1 = 
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EK1, and the dashpot, σ2 = K, the overall stress-strain behavior of the Kelvin-Voigt 
model can be determined, equation (11). [4,6,20] 
𝜎 = 𝐸𝐾𝜀 + 𝐾
𝑑𝜀
𝑑𝑡
                                                        (11) 
 
 
(a)                                                                     (b) 
Figure 1.07: Graphical Representation of (a) the Kelvin-Voigt Model and (b) its Creep 
and Recovery Behavior. [4] 
 
 
Quite the contrary, the Maxwell model, of which a graphical representation can be 
found in Figure 1.08(a), consists of a spring of modulus EM and a dashpot of viscosity M 
oriented in series with one another. Upon application of a constant stress σ at time t = 0, 
the spring will undergo a finite instantaneous extension and the dashpot will deform at a 
varying rate until the stress is removed. Upon removal of the stress only the spring 
deformation is instantaneously recovered, the deformation undergone by the dashpot is 
permanent (Figure 1.08(b)). In general, the strain is shared between the two components, 
 = 1 + 2, but the stress in each component is equivalent to the total stress, σ = σ1 = σ2. 
By using similar stress-strain analysis to that of the Kelvin-Voigt model, the stress-strain 
behavior for the Maxwell model, equation (12), can also be determined. [4,6,20] 
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                               (a)                                                                     (b) 
Figure 1.08: Graphical Representation of (a) the Maxwell Model and (b) its Creep 
Recovery Behavior. [4] 
 
 
 Although the Kelvin-Voigt and Maxwell models are often used to describe 
viscoelastic behavior, these models are extremely simplified and, when used individually, 
cannot effectively describe the time dependent viscoelastic behavior of real materials. To 
elaborate, the Kelvin-Voigt model is sufficient to represent the creep behavior of a 
viscoelastic material, but fails to represent the stress relaxation. The Maxwell model, on 
the other hand, is sufficient to represent the stress relaxation of a viscoelastic material, 
but fails to represent the creep behavior. In turn, the viscoelastic behavior of real 
materials is best described by a spectrum or distribution of relaxation and retardation 
times which can be achieved by placing a number of Maxwell and/or Kelvin-Voigt 
elements in series and/or parallel. This setup introduces a range of relaxation and 
retardation times into the model.[4,6,20,21] 
Additionally, a response closer to the behavior of a real viscoelastic material is 
obtained by organizing the Kelvin-Voigt model and Maxwell model in series with one 
another. This particular configuration of springs and dashpots is known as the four 
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parameter model, of which a graphical representation can be found in Figure 1.09. The 
stress-strain creep behavior of the four parameter model can be derived in similar 
procedure as that of the Kelvin-Voigt and Maxwell models. The resulting equation is that 
of (13). The equation encompasses the sum of three components, which define elastic, 
viscous, and anelastic behavior, respectively. Furthermore, the creep response of this 
general viscoelastic model is located in Figure 1.10. [6,21] 
𝜀 𝑡 = 𝜎𝑜  
1
𝐸𝑀
+
𝑡

𝑀
+
1
𝐸𝑀
(1 − 𝑒
−𝑡
𝜏𝑡 )                                      (13) 
 
 
 
Figure 1.09: Graphical Representation of the Four Parameter Model 
 
 
 
 
 
Figure 1.10: Graphical Representation of the Creep and Creep Recovery Behavior of the 
Four Parameter Model. [21] 
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Chapter 2:  Literature Review of Viscoelastic Behavior of Pharmaceutical Compacts 
  
Due to the complicated nature of the powder compaction process, a detailed 
understanding of the mechanical properties of tablets, and the ingredients used to 
formulate them, is necessary. This understanding allows for the production of tablets with 
desired qualities and a rational design of complex compacts, such as bilayer core in 
tablet, etc. An understanding of the dynamic mechanical properties of pharmaceutical 
compacts is of particular interest. The non-destructive nature of dynamic mechanical 
testing by use of sinusoidal excitations becomes extremely pertinent in early formulation 
development and design due to limited drug supplies [7]. Dynamic mechanical properties 
can be determined from the frequency dependent strain response to an applied stress. 
Subsequent results present valuable information regarding the viscoelastic nature of the 
pharmaceutical formulation, including the loss factor [8]. 
 Despite the wealth of knowledge that lies in the frequency-dependent viscoelastic 
nature of pharmaceutical compacts, there have been relatively few investigations into this 
area. Below are four original sources (theories) in the current literature regarding the 
frequency-dependent viscoelastic nature of pharmaceutical materials: 
 Radebaugh, Galen W., McNeil Consumer Products Co., USA [1989] 
 Hancock, Bruno C. et al., Merck Frosst Canada & Co., Canada [2001] 
 Welch, K. et al., Uppsala University, Sweden [2005] 
 Rippie, Edward, and Douglas Danielson, et al., University of Minnesota, USA 
[1981-1983] 
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2.1 Radebaugh et al. 
 Radebaugh et al. [9] describe a new nondestructive technique for measuring the 
viscoelastic properties of pharmaceutical compacts without destruction to the specimens. 
They produced rectangular compacts of microcrystalline cellulose (Avicel PH102, FMC 
Corp.) and tested their properties via forced small strain sinusoidal oscillatory torsion on 
a dynamic mechanical tester. Figure 2.01 illustrates the experimental setup for this 
testing. The compacts were produced by use of a hydraulic press that provided triaxial 
decompression and compacted the rectangular specimens (122  50  2.8 mm) in the 
same direction as the thickness. Temperature was controlled in all tests and oscillations 
were performed over a range a strains, from 0.01 to 0.1%, and over a range of 
frequencies, from 0.63 to 630 Hz. Subsequent results included the viscoelastic parameters 
of storage modulus, G`, loss modulus, G``, and damping, tan, as functions of strain, rate 
of strain, composition, method of manufacture, and water content. 
  
  
 
Figure 2.01: Dynamic Mechanical Tester and Experimental Setup Used by Radebaugh et 
al. 
19 
Their results show that the assumption of linear viscoelastic behavior over the 
range of strain tested was true, since they observed very little change in the storage 
modulus with strain. 
 As for the effect of strain rate on the viscoelastic parameters, their results show 
(Figure 2.02) a small but measurable change in storage modulus, from 1.31010 to 
1.61010 dyn/cm2. The majority of this storage modulus increase occurred over the first 
decade of frequency change.  
The authors explain these results in terms of molecular changes within the 
compact. They suggest that lower frequencies allow more time for the molecules to 
rearrange themselves thereby decreasing the elastic deformation and G`. And high 
frequencies allow less time for molecular rearrangements thereby increasing the elastic 
deformation and G`. Therefore, Radebaugh et al. conclude that the asymptotic behavior 
of the storage modulus at high frequencies means that the molecular chains of 
microcrystalline cellulose were not able to rearrange themselves at all during the time of 
straining.  
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Figure 2.02: Plot of Storage Modulus versus Frequency for Compacts of Microcrystalline                                        
Cellulose, at a Porosity of 0.195, 0.01% strain, and 22°C.  Each Point 
Represents the Average taken over Six Compacts. 
 
 
Radebaugh et al. also investigated the effect of porosity on the viscoelastic 
parameters as well. Their results show that the behavior of storage modulus versus solid 
volume fraction could be divided into two linear portions (see Figure 2.03).  Although all 
their results show an increase in storage modulus with decreasing porosity, the slope of 
this behavior increases 6-fold around a solid volume fraction of 0.55-0.60. Their results 
plotted as tan versus solid volume faction (Figure 2.04) show a similar transition at solid 
volume fraction of 0.55-0.60, as well as an additional transition around 0.45. 
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Figure 2.03: Plot of Storage Modulus versus Solid Volume Fraction from results of 
Radebaugh   et al. Each Point Represents the Average taken over Six 
Compacts. 
 
 
 
 
Figure 2.04: Plot of Tan versus Solid Volume Fraction from Results of Radebaugh et al. 
Each Point Represents the Average taken over Six Compacts. 
 
 
In an attempt to explain the effect of porosity on the viscoelastic parameters, 
Radebaugh et al. suggests that the transitions of behavior observed in their results are 
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related to alterations in the mechanical structure of the compact. They hypothesize that 
the mechanical properties of a compact can be described as a sum of the processes by 
which it is formed, including consolidation, rearrangement, plastic deformation, elastic 
recovery, and interparticle bonding. They describe the compression and compaction of a 
powder by the following sequence of events: 
𝜖𝐴 → 𝜖𝐵 → 𝜖𝐶 → 𝜖𝐷 → 𝜖𝐸  
1. 𝜖𝐴, loose powder prior to consolidation and rearrangement 
2. 𝜖𝐵, powder that has been compressed and exhibits consolidation and 
rearrangement but not interparticle bonding 
 
3. 𝜖𝐶 , powder that exhibits consolidation, rearrangement, deformation, and 
interparticle bonding 
 
4. 𝜖𝐷, powder undergoing deformation and interparticle bonding 
5. 𝜖𝐸 , powder compressed and compacted to a state of zero porosity 
This description of compression and compaction of a powder bed is a generality 
and similar discussion can be found in several sources. For instance, [12] portrays 
densification in four related steps comprising rearrangement, elastic deformation, plastic 
deformation, and compression of the solid crystal lattice. Comparable discussion 
involving transmission of forces through a powder bed and the densification process can 
be found in [10], [13], [14], and [15]. In addition, the described interpretation of the 
effect of porosity on compaction is essentially an over interpretation of the data.  To 
explain, it is never possible to delineate transitions from ABCDE from the load 
displacement curve, especially those transitions involving bonding. This is due in part 
because many of these events overlap one another or occur simultaneously. 
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Finally, their plot of reciprocal porosity versus storage modulus (Figure 2.05) is 
compared to a typical Heckel plot, with a nonlinear and linear region. The authors’ state 
that the nonlinear portion of the plot represents 𝜖𝐶  and the linear portion represents 𝜖𝐷. 
They reason that this behavior is expected since as porosity increases, the number of 
bonds between particles should decease thereby decreasing the storage modulus.  
 
 
Figure 2.05: Plot of Reciprocal Porosity versus Storage Modulus from Results of 
Radebaugh et al. Each Point Represents the Average taken over Six 
Compacts. 
 
 
2.2 Hancock et al. 
 Hancock et al. [7] evaluated two micro-scale dynamic mechanical testing 
techniques on very small rectangular compacts (~20 mg) of microcrystalline cellulose 
(Avicel PH101, FMC Corp.), in order to determine their viscoelastic properties. 
Compacts were produced to be as small as possible while still maintaining a cross-section 
that was representative of the bulk material. The compacts were produced by use of a 
hydraulic press that provided uniaxial compression/decompression and compacted the 
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rectangular specimens (8  4.5  0.4 mm) in the same direction as the thickness. The 
compaction load was varied so as to produce specimens of different porosities and 
relative humidity and temperature were controlled. The techniques used were a simple 
dynamic tensile test and a dynamic version of the three-point beam-bending test. 
Experimental setup for each of these tests is shown in Figure 2.06(a) and 2.06(b), 
respectively. The dynamic tensile test was performed over a range of 9 frequencies, from 
0.05 to 20 Hertz, and sinusoidal oscillations were performed with a maximum force not 
to exceed 100 grams so as to remain in the linear viscoelastic behavior region. The 
dynamic three-point beam-bending experiments applied a load of no more than 100 
grams, equivalent to 0.1% strain (linear viscoelastic region), at a frequency of 0.05 Hertz 
for approximately 15 cycles per sample. The phase lag, storage modulus, and loss 
modulus were calculated for all experiments. 
 
 
     
(a)                                                                      (b) 
Figure 2.06: Experimental set up from Hancock et al. for Dynamic Tension Experiments 
(a) and   Dynamic Three-Point Beam-Bending Experiments (b). 
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 The authors’ results for the dynamic tension experiments show storage and loss 
modulus to vary logarithmically with compact porosity (Figure 2.07(a)), similar to results 
for the much larger compacts of Radebaugh et al. In addition, their results show the 
storage modulus to be approximately one order of magnitude larger than the loss modulus 
at all porosities. They argue that this behavior implies that the balance of elastic and 
viscous properties is not affected by the microstructure of MCC. Hancock et al attributes 
the increased magnitude of the storage modulus to mean that the deformation of MCC is 
primarily elastic in nature and equal to the absolute moduli. The values of storage 
modulus at zero porosity in their paper range from 9.3 GPa at 0.05 Hz to 11.1 GPa at 20 
Hz and are comparable to results for Young’s modulus in the literature.  
In terms of the effect of frequency on the moduli, Hancock et al. results show a 
significant increase in storage modulus with increasing frequency (see Figure 2.07(b)), 
similar behavior occurs in loss modulus as well. Because of this, the ratio of the two 
moduli, the loss factor, remained approximately constant over the range of frequencies, 
varying only from 0.064 to 0.069 from 0.05 to 20 Hz. In an attempt to explain the 
increasing behavior of the storage moduli, the authors state it is indicative of restricted 
molecular rearrangements at increased frequencies. 
Hancock et al. dynamic three-point beam-bending experimental results show 
similar behavior to the dynamic tension results in terms of moduli versus specimen 
porosity (see Figure 2.08). The storage modulus is about an order of magnitude greater 
than the loss modulus and the moduli increase with decreasing specimen porosity. 
However, the beam-bending results for modulus at zero porosity were slightly lower than 
those in the tension test. After discounting that these results could be due to non-uniform 
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density or sample defects, the authors attempt to explain the difference by anisotropy in 
the material since the loading in each test is parallel to the longest dimension of the 
compact. Additionally, they hypothesize that their assumptions of perfect sample 
orientation and zero friction in the beam-bending test could have degraded during 
dynamic testing. 
In response to the authors’ attempt to explain lower modulus results from the 
bending test as compared to the tensile test, due to the in-plane direction of testing for 
both tests, anisotropy as a cause for the drop in modulus is unlikely. Anisotropy in 
compacts represents the difference between in plane and through thickness behavior. In 
the case of Radebaugh et al., both tension and bending impose strain in the in plane 
direction of the sample. Therefore, they test the same direction and anisotropy cannot be 
used to describe any differences in results. 
As further explanation, torsion and bending are not the most ideal means of 
characterizing the time dependent and non-linear behavior of materials. This is due to the 
fact that the stress and strain throughout the tested materials is non-uniform during the 
testing. In both cases, the range of strain rates varies from zero, at the center, to a 
maximum, at the surface. Commonly, this leads to a decreased estimate of moduli, 
resulting from these two tests, than the corresponding one-dimensional tension tests. 
Therefore, the lower modulus results produced from the beam-bending test by Hancock 
et al. could be explained by the aforementioned discussion. 
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(a)                                                                       (b) 
Figure 2.07: Variation of Storage (diamonds) and Loss (circles) Moduli of MCC with 
Specimen Porosity (a) and Frequency (b) from Hancock et al by Dynamic 
Tension Tests. 
 
 
 
Figure 2.08: Variation of Storage (diamonds) and Loss (circles) Moduli of MCC with 
Specimen Porosity from Hancock et al. by Dynamic Three-Point Beam-
Bending Tests. 
 
 
2.3 Welch et al. 
 Welch et al. [8] used the Split Hopkinson Pressure Bar technique to identify the 
complex modulus for frequencies up to 20 kHz of pharmaceutical compacts of 
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microcrystalline cellulose, sorbitol, ethyl cellulose, and starch.  This method uses spectral 
analysis of stress waves reflected from and transmitted through the compact in order to 
determine the complex modulus. In more detail, a tablet of thickness a, cross-sectional 
area A, density , and complex modulus E*, is placed between two pressure bars of 
cross-sectional area Abar, density bar, and complex modulus E*bar. The input bar 
produces a compressive incident wave and the wave reflected from the compact is 
measured by strain gauges attached to the input bar. The wave transmitted through the 
tablet is measured by similar strain gauges on the output bar. The experimental setup for 
this technique is illustrated in Figure 2.09. Frequencies ranging from 100 Hz to 20 kHz 
were tested. The authors also fit the corresponding data to a three-element viscoelastic 
model. The tested specimens were compacted on a Zwick Z100 materials tester with 
circular flat faced punches of 11.3 mm diameter. The pressure used during compression 
of all specimens was 100 MPa. The mass of the powder used varied, resulting in 
thicknesses ranging from 3.25 mm to 6.76 mm. 
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Figure 2.09: Experimental Setup for the Split Hopkinson Bar Method used by Welch et 
al. 
 
 
 
 Welch et al. have results of modulus versus frequency for all four materials which 
show the storage modulus to be greater than the loss modulus in all materials (Figure 
2.10). Furthermore, their results show a similar relaxation peak in the loss modulus, 
around approximately 5-10 kHz, for all the materials. The authors claim that the location, 
strength, and shape of this relaxation peak can provide a great deal of knowledge 
concerning information about the material and its relaxing units. 
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Figure 2.10: Variation of Storage (dashed line) and Loss (dotted line) Modulus with 
Frequency from SHBM of Welch et al. Note that the range of the vertical 
axis varies among the materials. 
 
 
 Figure 2.11 illustrates the parametric fits, according to equation (6), and the 
results of Welch et al. They make specific note that their relaxation data fits Debye 
behavior particularly well with a single relaxation time which is fairly uncharacteristic for 
solid materials.  
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Figure 2.11: Fitted Parametric Curves for Welch et al. Complex Modulus Data 
 
 
 In an attempt to explain the physical origin of the relaxation peak, which all four 
materials experience around the same frequency, Welch et al. consult dielectric studies of 
the materials since the theory for dielectric spectroscopy is much more developed. The 
authors explain that it cannot be assumed the relaxation processes have similar physical 
origins, since the materials are quite different on the molecular length scale. However, 
Welch et al. found little evidence in the literature of a prominent dielectric relaxation in 
any of the four tested materials over the frequency range of their experiments. 
 Additional results from Welch et al. show the dissipation factor, tan, as a 
function of frequency for all four materials (Figure 2.12). From this data, the authors 
correlate the location of the dissipation peak to the measured tablet strength of the 
materials. They found that higher frequency of dissipation peak corresponds to higher 
tablet strength (see Figure 2.13).  
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Figure 2.12: Variation of Experimental (dashed line) and Parametrically Fit (solid line) 
Dissipation Factor with Frequency from SHBM of Welch et al.  
 
 
 
 
Figure 2.13: Tensile Strength versus Frequency of Maximum Dissipation for the 
Materials   Tested by Welch et al. Error Bars Represent the  1 Standard 
Deviation Interval for n=3. 
 
 
The authors use the bond summation concept and the idea that tablets are assumed 
to fracture around particles, not through them, to explain this behavior. As a result, they 
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hypothesize that the correspondence between maximum dissipation frequency and tablet 
strength indicates that the location in frequency of the mechanical relaxations is a 
measure of interparticle bond strength. Furthermore, the authors explain that this 
hypothesis infers a possible mechanism for the mechanical relaxations observed in the 
four materials is vibration of interparticle bonds formed during the compaction process. 
They use their tensile strength data to support this hypothesis, stating that MCC is 
dominated by hydrogen bonding whereas ethyl cellulose is dominated by weaker van der 
Waals bonding which explains its lower tensile strength. 
Although the authors’ correlation between tablet strength and frequency of 
maximum dissipation are interesting, they are not proven. Their argument that the 
relaxation peak corresponds to the particle boundary behavior would be much more 
convincing if further tests were performed to show correspondence. For example, a 
comparative study of pure MCC to that of MCC with 1% Magnesium Stearate (MgSt) 
could be performed. It is known that the tensile strength will absolutely drop due to the 
lower strength of MgSt, but the change in behavior, or lack thereof, of the relaxation peak 
would help prove/disprove the theory of Welch et al. 
 In addition, Welch et al. results show starch to have the highest relaxation 
strength, even though it has the lowest tensile strength. The authors remark this to 
indicate that starch would more easily dampen an external impact during drug storage 
and handling than the other materials. 
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2.4 Rippie and Danielson et al. 
 Rippie and Danielson et al. studied the viscoelastic behavior of pharmaceutical 
compacts during the unloading and postcompression periods of compaction. Their 
experimental and theoretical results are presented in two major works, [17] and [18]. 
 In their earlier work [17], Rippie and Danielson analyzed the viscoelastic 
stress/strain behavior observed during tablet compaction, particularly during unloading 
and postcompression. By use of an instrumented rotary tablet press they produced 
compacts of microcrystalline cellulose, spray-processed lactose, and sulfacetamide. All 
compacts were compacted at a turret velocity of 2.759 rad/sec and fill weights were 
adjusted to obtain three pressure maxima, 125, 208, and 333MPa, in order to investigate 
the effect of pressure. In addition, compacts were allowed to remain in the die after 
unloading for the purpose of observing the radial stress relaxation to an equilibrium state. 
Experimental data included axial and radial stress/strain relationships and calculated 
punch displacements. The authors analyzed the data using basic viscoelastic models, 
including combinations of elastic springs and viscous dashpots, which represented both 
isotactic dilation and distortion.  
 Their results show that the simplest viscoelastic model to fit the experimental data 
well is elastic in dilation and Kelvin in distortion. It should be noted that by choosing this 
simple model to fit their data, the authors are assuming that the bulk contribution to 
viscoelasticity is essentially zero. The authors develop three sets of equations to define 
this model (elastic in dilation and Kelvin in distortion). This is accomplished by applying 
three-dimensional theory to linear viscoelastic behavior, assuming volumetric and 
distortional effects are separate, and using derived punch displacement equations. Three-
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dimensiona linear viscoelastic theory allows the dynamics of tablet compaction to be 
mathematically separated into two components; isostatic dilation and distortion at 
constant volume. Assuming that s and e are the isostatic compressive components of 
stress and strain, respectively, and S and E are the distortional components, Rippie and 
Danielson evaluated the experimental data by using the equations below. Equations (14), 
(15), and (16) are the constitutive equations for volumetric effects, while equations (17), 
(18), and (19) are the constitutive equations for distortional effects. 
𝑃′′ 𝑠 = 𝑄′′ 𝑒                                                              (14) 
𝑃′′ =  𝑝𝑖
′′  
𝑑𝑖
𝑑𝑡𝑖
                                                        (15) 
𝑄′′ =  𝑞𝑖
′′  
𝑑𝑖
𝑑𝑡𝑖
                                                        (16) 
𝑃′𝑆 = 𝑄′𝐸                                                               (17) 
𝑃′ =  𝑝𝑖
′  
𝑑𝑖
𝑑𝑡𝑖
                                                         (18) 
𝑄′ =  𝑞𝑖
′  
𝑑𝑖
𝑑𝑡𝑖
                                                         (19) 
In general, the specific nature of the viscoelastic material, whether it be elastic solid or 
Kelvin solid, is expressed by equations (14) through (19) via the operator pairs. 
 Despite the complexity of equations 14-19 R&D used the simplest forms: 
𝑑𝑒𝑣𝑖𝑎𝑡𝑜𝑟𝑖𝑐 𝑠 = 𝑞′0𝑒 +  𝑞′1
𝑑𝑒
𝑑𝑡
 
𝑕𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐  𝑠 = 𝑞"0𝑒 
 Table 1 illustrates Rippie and Danielson’s fitted experimental data. According to 
their work, q0 and q0 are the elastic microconstants in distortion and dilation, 
respectively; and q1 is the viscous microconstant in distortion. 
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Table 1. Rippie and Danielson’s results from their work in [17] 
 
 
 
 
 
The authors claim elastic behavior of the compacts predominated during the 
unloading period since viscous contributions to the total distortion stress were 
approximately 1%. They also state the relaxation processes during postcompression are 
kinetically dependent on viscous behavior and are largely controlled by it. 
 Concerning the results for microcrystalline cellulose, Rippie and Danielson found 
the tablets to have high strength, exceeding that of the hardness tester, at all three 
pressures. Increased pressure, for the microcrystalline cellulose tablets, also resulted in 
increased viscoelastic parameters. Moreover, in each of the three tested materials, it was 
recognized that, in dilation, the elastic moduli were much larger than in distortion. The 
authors claim this to mean the materials are more easily sheared than they are 
compressed.  
 In terms of the spray-processed lactose, the authors report these compacts to be 
very strong as well. All exceeded the capacity of the hardness tester except those 
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produced at the lowest pressure. Rippie and Danielson noticed the spray-processed 
lactose tablets created at the lowest pressure also had the longest relaxation time to their 
residual die wall pressure.  
 Finally, the sulfacetamide tablets, which are known for capping and splitting, 
showed maxima in all viscoelastic parameters at intermediate pressure. Furthermore, the 
authors report all tablets to have measureable hardness values (0.20-0.25 MPa). The 
tablets produced at intermediate pressure relaxed most slowly to equilibrium die wall 
pressure, suggesting they are most likely to cap or laminate if ejected at the normal time 
interval following compression. This statement is made since Rippie and Danielson 
believe that the value of die wall pressure at the time of ejection is critical in determining 
whether the tablets will cap. 
 To conclude their earlier work [17], Rippie and Danielson explain that much 
knowledge of tablet behavior can be gained by examining viscoelastic parameters. In 
addition, they note it is important to acknowledge the use of viscoelastic theory assumes 
a fully dense material, which is not the case for pharmaceutical compacts. However, the 
authors state the theory can still be used for porous materials since the mechanisms of 
elastic yield and viscous flow can be described through the influence of voids. 
 As for their later work [18], Rippie and Danielson et al. continue their research 
into the unloading and postcompression viscoelastic behavior of pharmaceutical 
compacts. The authors use the same experimental procedure and three-dimensional 
viscoelastic model in this work, but they expand the number and range of pharmaceutical 
materials to be tested. A list of all 12 materials they tested and the viscoelastic parameters 
calculated from the model can be found in Table 2. The materials were chosen to 
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represent a broad spectrum of physical properties, and include both excipients and drug 
substance.  
 
Table 2. Rippie and Danielson et al. results from their work in [18] 
 
  
Rippie and Danielson et al. claim a correlation between viscoelastic behavior and 
chemical composition since, with the exception of starch, their results show all 
carbohydrates to produce hard, well-formed tablets. Moreover, the carbohydrates show 
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increased internal structural strength with increased pressure. This is noted in their 
viscoelastic properties and is characteristic of compressible materials, which is why 
carbohydrates are often used as binders in tablet formulations. 
The authors continue their discussion of results stating that the 12 materials 
studied can be divided into two categories in terms of their viscoelastic behavior; those 
that have positive distortional elastic moduli and those that have negative distortional 
elastic moduli. The materials falling in the latter category did not laminate upon ejection 
but could be easily laminated with the fingernail. They also possessed negative values of 
q0. Prior to this categorization, Rippie and Danielson et al. discuss the difference and 
significance of positive versus negative distortional elastic moduli. A summary of this 
discussion is as follows; however, it should be noted that the authors’ discussion of 
positive versus negative modulus can be misleading since the very definition of modulus 
prohibits it from being negative. 
During the unloading portion of the compression event, tablets expand in volume 
and distort in shape while finding their final dimensions. Creation of voids occurs during 
this time, and if sufficient interparticulate bonds are broken during this creation of voids, 
internal stresses located in elastically deformed particles will be transmitted to the die 
wall. Rippie and Danielson et al. describe this behavior to be characteristic of a negative 
elastic modulus and a reflection of internal structure disruption. The authors further 
explain that the viscoelastic constants do not only describe the nature of the materials but 
are also influenced by the efficiency of bond survival during elastic recovery. If the 
deformation during unloading is significant enough to create stresses in excess of the 
bond strength, the integrity of the tablet will be destroyed. The authors emphasize that 
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negative viscoelastic parameters do not imply negative viscous or elastic properties; they 
are representative of the destruction of bonds during elastic recovery of the tablet. 
Furthermore, Rippie and Danielson et al. clarify that the viscoelastic parameters reported 
in their work are representative of the compact behavior itself and not of the individual 
fully dense components. 
Rippie and Danielson et al. conclude their later work [18] with similar discussion 
from their earlier work [17] concerning the transverse shearing stress which tablets 
undergo during ejection from the die. They state that insufficient shear strength, along 
with structural failure due to the transverse shear stress, is thought to be the main cause of 
capping and lamination in tablets. They further suggest that the shear stresses which 
occur during ejection cause internal structural changes, even in tablets that survive 
ejection. In conclusion, the authors hypothesize that the viscoelastic constants, along with 
the die wall stress, are indicative of the mechanical properties of the compact within the 
die cavity and reflective of the compacts ability to withstand ejection. 
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Chapter 3:  Motivation for this Work 
 It is widely acclaimed in the current literature that viscoelasticity has a 
tremendous effect on the powder compaction process [7,8,9,17,18]. It is also generally 
accepted that in order to produce compacts with desired properties, an understanding of 
their mechanical properties and constituent materials is important. 
 Despite the agreement throughout the literature that it is important to understand 
viscoelastic properties as they relate to powder compaction, there have been few studies 
concerning the frequency dependence of viscoelastic behavior. Additionally, the majority 
of the literature concerning characterization of viscoelasticity, with respect to powder 
compaction, focuses on the elastic component of viscoelasticity. In other words, current 
literature characterizes the viscoelasticity of powder compacts in terms of a single 
modulus, the modulus of elasticity. All of these characterization techniques are 
performed outside of the die, usually by beam-bending or torsion.  
 The current work aims to characterize the viscoelasticity of powder compacts by 
use of in die Dynamic Mechanical Analysis. Since the powder compaction phenomenon 
occurs within a die, this will allow for a more complete and real understanding of the 
effect of viscoelasticity on the process. Furthermore, in die DMA results will include 
contributions from the modulus of elasticity as well as the bulk modulus. Since few 
would argue that powder compaction is a bulk phenomenon which cannot be fully 
described by simple extension or simple compression, it is important to characterize the 
viscoelastic behavior of compacts in terms of the bulk modulus. Because of this, the 
current work should provide better insight into the effect of viscoelasticity on the powder 
compaction process. 
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 To review, the major goal of this research is to characterize the role of 
viscoelasticity on the powder compaction process, specifically bulk viscoelasticity. With 
respect to this research goal, there are three main aims this work looks to fulfill: 
1. To perform viscoelastic characterization of powder compacts by use of in die 
Dynamic Mechanical Analysis. 
2. To compare viscoelasticity of Young’s and bulk moduli. 
3. Contrast the viscoelasticity of two common excipients, MCC and Starch. 
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Chapter 4: Materials and Methods 
 
4.1 Materials 
 The two materials of interest for this work are pregelatinized starch and 
microcrystalline cellulose (MCC). Pregelatinized starch is a modified starch used in tablet 
formulations as a binder, diluent, and disintegrant. MCC is a purified, partially 
depolymerized cellulose widely used in tablet formulations as a binder/diluent but also 
has some lubricant and disintegrant properties. These particular materials selection were 
made to represent the boundaries of viscoelastic behavior in commonly used 
pharmaceutical excipients. According to the literature, starch exhibits relatively high 
levels of viscoelasticity, whereas MCC exhibits relatively low levels of viscoelasticity 
[8]. In addition to this difference in viscoelastic behavior, starch and MCC possess 
contrasting material properties as well. Table 3 illustrates some of the material 
information for each material, including powder morphology and chemical formulae [19]. 
Starch has a spherical morphology and an initial relative density of 0.39, whereas MCC 
has a fiber-like morphology and an initial relative density of 0.22. Because of this, the 
packing in Starch is much more efficient than in MCC. 
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Table 3: Material Information for Selected Materials 
Material Information Pregelatinized Starch Microcrystalline Cellulose 
Chemical Formula (C6H10O5)n    n=300-1000 (C6H10O5)n    n=220 
Bulk Density 0.59 g/cm
3
 0.34 g/cm
3
 
Theoretical (True) Density 1.516 g/cm
3
 1.512 g/cm
3
 
Particle Size Distribution 30-150 μm 20-200 μm 
Specific Surface Area 0.18-0.28 m
2
/g 1.06-1.12 m
2
/g 
Aspect Ratio [24] 1.38  0.26 2.19  0.99 
 
 
4.2 Experimental Method 
4.2.1 Capabilities of the Compaction Simulator 
 All Dynamic Mechanical Analysis was performed on a Huxley Bertram servo-
hydraulic compaction simulator located at Johnson & Johnson PRD in Spring House, 
Pennsylvania. Figure 4.01 depicts the experimental setup of the compaction simulator. 
The compaction simulator models high speed tablet compression events with the 
capability to vary instrumental specifications. Additionally, it is capable of prescribing 
displacement profiles based on press dimensions and turret speed in order to simulate 
production presses. The simulator is instrumented to measure axial displacement and 
force during compression and ejection, and can be further instrumented to measure die 
wall force as well. Moreover, data output from the compaction simulator includes upper 
punch position, lower punch position, axial punch pressures, radial die wall pressure, 
ejection force, and push-off force. 
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Figure 4.01: Experimental Setup of Huxley Bertram Compaction Simulator 
 
4.2.2 Description of Experiment 
 To reiterate, all Dynamic Mechanical Analysis was performed on a Huxley 
Bertram servo-hydraulic compaction simulator. With respect to press tooling, the same 
B-tooling (punches and die) was used throughout the entire experiment. These include 
round flat-faced punches and a 9.525 mm diameter cylindrical and instrumented die, 
capable of measuring the radial die wall pressure by use of piezoelectric sensors.  
Each experiment is divided into three main steps. The first of which involves 
lubrication of the punch faces and die walls in order to minimize the effect of friction. 
This was accomplished by compaction of a Magnesium Stearate “tablet” to begin each 
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experiment. The approximate die fill depth and compaction height used for the 
lubrication “tablet” was 13.51 mm and 6.53 mm, respectively. 
Subsequent to lubrication was the compaction of the actual starch or MCC tablet. 
The height (H) and die fill depth (H0) were varied to obtain a range of relative densities. 
To achieve a desired relative density, H and H0 were determined by use of equations (20) 
and (21) with special consideration that the radial die wall sensor be centered with respect 
to the height of the tablet. The die wall sensor is located 10.25 mm from the top of the 
die. In the equations, X is the position of the die wall sensor with respect to the top of the 
die, H is the compaction height of the tablet, H0 is the die fill depth, RD0 is the bulk 
density of the material, and CD is the final compaction density. The final compaction 
density was calculated as a percent of the true density of the material. Tables 4 and 5 
show the specific compaction heights and die fill depths used to obtain the range of 
relative densities achieved in the current work for both Starch and MCC, respectively.  
𝐻 = 2𝐻0 − 2𝑋                                                            (20) 
𝐻0 = 2𝑋  
1
2 − (𝑅𝐷0 𝐶𝐷) 
                                                (21) 
 
Table 4: Starch Compaction Heights and Die Fill Depths for Desired Relative Densities 
Pregelatinized Starch (Starch 1500) 
Relative Density Tablet Density (CD) Compaction Height (H) Die Fill Depth (H0) 
 
(g/cm
3
) (mm) (mm) 
0.6 0.910 9.74 15.12 
0.7 1.061 7.81 14.16 
0.8 1.213 6.53 13.51 
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Table 5: MCC Compaction Heights and Die Fill Depths for Desired Relative Densities 
Microcrystalline Cellulose (Avicel PH102) 
Relative Density Tablet Density (CD) Compaction Height (H) Die Fill Depth (H0) 
 
(g/cm
3
) (mm) (mm) 
0.6 0.907 4.68 12.59 
0.7 1.058 3.88 12.19 
0.8 1.210 3.32 11.91 
0.9 1.361 2.90 11.70 
 
 
 
Following compaction, the specimen was allowed to remain in the die for 
approximately 5 minutes in order for stress relaxation to occur. Finally, the punches were 
moved back into contact with the specimen and both the upper and lower punches were 
oscillated sinusoidally. Figure 4.02 shows an example of the punch positions with respect 
to time. Each DMA run begins at a low frequency of 0.1 Hz and proceeds through a 
series of 9 frequencies, increasing in nature, on the same tablet. The exact values of these 
frequencies can be found in Table 6, along with the order in which they occurred and the 
number of cycles. The effect of strain was also considered by running the DMA at three 
different strains for each material.  
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Figure 4.02: Profile of Punch Movements for 25 Cycles at 2 Hz 
 
Table 6: Sequence of Frequencies during DMA on Each Specimen 
Order Frequency (Hz) Cycles 
1 0.1 2 
2 0.2 4 
3 0.5 10 
4 1 13 
5 2 25 
6 5 49 
7 10 45 
8 20 49 
9 50 45 
 
 
 
4.3 Raw Data 
The raw data output of the compaction simulator, including radial pressure, axial 
pressure, and axial strain, requires some detailed discussion. To start, it is important to 
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mention that the experiments were limited by the process control of the compaction 
simulator. As previously stated the simulator is simply a high speed servo-hydraulic 
mechanical testing machine. However, during DMA the simulator reached a critical 
frequency (speed) at which it could no longer achieve the programmed amplitude of 
oscillation. This critical frequency seemed to be approximately 50 Hz. At all of the other 
frequencies, up to 20 Hz, the simulator had no problem reaching the programmed 
sinusoidal amplitude, but at 50 Hz the achieved sinusoidal amplitude was significantly 
less than the programmed amplitude. Tables 7 and 8 display the achieved sinusoidal 
amplitudes for particular DMA experiments for Starch and MCC, respectively. From 
these tables, the significant drop in strain at 50 Hz is apparent. Nevertheless, differences 
in strain should not affect the viscoelastic results assuming the strains are small enough to 
achieve linear viscoelastic behavior. 
 
Table 7: Achieved Amplitude versus Programmed Amplitude for Starch 
Starch 1500 - 0.8 Relative Density - 0.7% Nominal Strain 
Programmed Sinusoidal Amplitude = 0.05 mm 
Frequency Tablet Height Actual Punch Amplitude  Actual Strain 
(Hz) (mm) (mm) (%) 
0.1 7.634 0.054 0.71 
0.2 7.486 0.052 0.69 
0.5 7.454 0.049 0.66 
1 7.442 0.049 0.66 
2 7.422 0.049 0.66 
5 7.417 0.052 0.70 
10 7.410 0.052 0.70 
20 7.412 0.050 0.67 
50 7.406 0.031 0.42 
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Table 8: Achieved Amplitude versus Programmed Amplitude for MCC 
MCC - 0.8 Relative Density - 0.7% Nominal Strain 
Programmed Sinusoidal Amplitude = 0.025 mm 
Frequency Tablet Height Actual Punch Amplitude  Actual Strain 
(Hz) (mm) (mm) (%) 
0.1 3.575 0.026 0.73 
0.2 3.571 0.025 0.70 
0.5 3.553 0.024 0.68 
1 3.548 0.024 0.68 
2 3.552 0.024 0.68 
5 3.545 0.024 0.68 
10 3.552 0.024 0.68 
20 3.550 0.021 0.59 
50 3.544 0.011 0.31 
 
 
 
In addition to the process controls of the machine, another challenge faced during 
the DMA experiments is related to the piezoelectric sensor (die wall sensor). It was 
observed that the radial die wall sensor experiences a drift during the time of an 
experiment. This drift averaged about 0.15 MPa over the time of one minute. 
Nevertheless, all of the DMA experiments for this study were under 30 seconds in 
duration. Therefore, the drift in the piezoelectric sensor, which occurs during the time of 
an experiment, can be considered small with respect to the amplitude of oscillations. 
Furthermore, the significance of relaxation times and the output stress signals 
should also be discussed. Figure 4.03 illustrates an example of the raw data for a single 
experiment. This includes the upper punch movement, axial stress, and radial stress for 
both the compaction and DMA steps. In order for the DMA to be effective it was 
important to allow the sample to relax further once the punches were placed back in 
contact with the specimen at the start of the experiment. This additional relaxation, which 
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occurs under the load of the punches, can be observed clearly in Figure 4.03 in the axial 
and radial stress versus time plots for the DMA step. It is clear that the relaxation extends 
into the oscillations; however, this is not a problem since the variation in relaxation is 
minimal with respect to the amplitude of the oscillations.  
It is necessary to note that although the compaction simulator was programmed to 
maintain constant punch separation while in contact with the tablet (in order for the 
additional stress relaxation to occur), the machine shows a clear inability to maintain 
fixed position. This is easily observed in the top plot of Figure 4.03(b). However, the drift 
of the punch position which occurs during the oscillations is minimal with respect to the 
amplitude of the oscillations themselves. 
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(a)                                                                     (b) 
Figure 4.03: Example of Raw Data for a Single Experiment, including Punch Movement, 
and Axial and Radial Stress versus Time for (a) Compaction and (b) DMA. 
 
 
 
 Furthermore, Figure 4.04 shows a close up of the axial stress output signal. It is 
important to note the asymmetry of this sine curve. Moreover, the stress output sine curve 
does not match up symmetrically with its overlaid model stress curve. The unloading 
portion of the signal is actually wider than the loading portion. It is unlikely that this 
asymmetry is an artifact of the input strain signal since Figure 4.04 also depicts the strain 
which very precisely matches its overlaid model. Because of this, it is possible that the 
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asymmetry of the output stress signal is attributed to friction between the sample and the 
tooling (punches and die).  
 
 
Figure 4.04: Close up of an Example Axial Stress Signal from a DMA experiment. 
 
4.4 Data Processing 
To characterize the extent of viscoelastic behavior in the selected materials, it was 
important to calculate the dissipation/loss factor for each experiment. As previously 
mentioned, the experimental data output of the compaction simulator provides the axial 
and radial stress and the axial strain. This experimental data was then fitted 
parametrically using the method of least squares and the general equation for a sinusoidal 
response, equation (22); where D is the non-zero center amplitude, A is the amplitude,  
is the angular frequency, t is time, and  is the phase shift. Once the axial stress, radial 
stress, and strain were all fitted, the difference between the stress and strain phase shifts 
unloading 
loading 
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() were determined from the fitted equations, in both the axial and radial directions, 
giving the axial and radial dissipation factor. 
𝑦 𝑡 = 𝐷 + 𝐴𝑠𝑖𝑛 𝜔𝑡 + 𝛿                                                 (22) 
 As clarification, the axial loss factor is a measurement of the viscoelastic phase 
shift between the axial stress and the axial strain. The radial loss factor is a measure of 
the viscoelastic phase shift between the radial stress and the axial strain. Since the axial 
and radial loss factors have a mixture of moduli within their results, it became necessary 
to determine the hydrostatic and deviatoric loss factors which consider the mean pressure 
and the volumetric strain. The hydrostatic loss factor is a direct measure of the bulk 
viscoelastic effect, whereas the deviatoric loss factor is a direct measure of the shear 
viscoelastic effect. The determination of these two loss factors made it possible to 
analyze one modulus at a time within the results. 
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Chapter 5: Investigation of Frictional Effect on Energy Dissipation 
 One of the greatest difficulties of performing in die DMA proved to be friction. 
Because of this a separate study was performed in order to evaluate the frictional effect 
on the DMA results. It should be pointed out that several measures were taken to reduce 
the effect of friction during each experiment. For example, the die and punch faces were 
lubricated with Magnesium Stearate prior to the start of each experiment and during the 
actual DMA both the upper and lower punches were oscillated so as to minimize friction 
during the experiment. Despite these precautions, the possibility that friction was 
affecting the viscoelastic results still existed. This is precisely why mathematical 
calculations, additional experimentation, and numerical simulations were performed to 
evaluate the frictional effect on energy dissipation. 
 
5.1 Mathematical Calculations of Frictional Energy Loss 
 To begin this study of friction it was important to determine how the energy lost 
due to friction (Wf) compared to the energy dissipated due to viscoelasticity (Wd). 
Appendix A shows the detailed calculation which was performed to evaluate this relation. 
These calculations use the theory of [23] and the differential slice method to determine 
the energy lost due to friction from [25]. The final result of the frictional calculation is 
displayed as equation (25) and shows the ratio of energy lost due to friction to that lost 
due to the viscoelastic nature of the material. 
𝑊𝑓
𝑊𝑑
=
4𝜇𝐻𝜎 𝑟𝑟
𝜋𝑅 ∙ ∆𝜎𝑧𝑧 ∙ sin 𝛿𝑧
                                                  (25) 
 In (25), μ is friction coefficient, H is tablet height, R is tablet radius, 𝜎 𝑟𝑟  is mean 
radial stress, ∆𝜎𝑧𝑧  is axial stress amplitude, and 𝛿𝑧  is viscoelastic phase shift from the 
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axial dissipation factor. This calculation requires knowledge of the coefficient of friction 
experienced experimentally for both Starch and MCC. Cunningham et al. shows 
derivation of the coefficient of friction for the compaction of a tablet in a cylindrical die 
in [23]. Their derived equation, (26), was used to approximate the coefficient of friction 
for the current experiments. In (26) D is tablet diameter, H is tablet height, z is distance 
of the die wall sensor from the top punch, 𝜎𝐵 is the bottom punch stress, 𝜎𝑇  is the top 
punch stress, and 𝜎𝑟𝑟
𝑧  is the radial die wall pressure. Figure 5.01 shows the friction 
coefficient as a function of compaction pressure for the Starch and MCC compaction 
steps. However, the data used in equation (26) to calculate μ for use in determination of 
Wf/Wd was taken from the point of highest pressure during the compaction step of each 
experiment.  
𝜇 =
𝐷
4𝐻
∙
𝜎𝐵
𝜎𝑟𝑟𝑧
∙  
𝜎𝑇
𝜎𝐵
 
𝑧
𝐻
∙ 𝑙𝑛  
𝜎𝑇
𝜎𝐵
                                             (26) 
 Using the calculated coefficient of friction of μ=0.19 and actual experimental 
results, the calculation of Wf/Wd was performed for the Starch experiment at 0.8 relative 
density (H = 7.60mm), 0.7% strain, and a frequency of 1 Hz. The calculation found the 
ratio, Wf/Wd, to be equal to 0.50 for this particular experiment. This strikingly large result 
indicates that the energy lost due to friction during the experiment is equivalent to 
approximately 50% of the energy dissipated due to viscoelastic behavior. A similar 
calculation was performed for the MCC experiment at 0.8 relative density (H=3.75mm), 
0.7% strain, and a frequency of 1 Hz. The coefficient of friction was calculated similarly 
using (26) to be μ=0.14. The result of the calculation for MCC found the ratio, Wf/Wd, to 
be equal to 0.75 for this particular experiment. 
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(a)                                                                    (b) 
Figure 5.01: Friction Coefficient versus Compaction Pressure for (a) Starch and (b) MCC 
at 0.8 Relative Density and 0.7% Strain.  
 
 
 
5.2 Experimental Investigation into Frictional Effect on Energy Dissipation 
Due to the significant result of the frictional calculation discussed in the previous 
section it became necessary to perform an experimental analysis of the effect of friction 
on the viscoelastic results. The particular friction of concern is that between the tablet and 
the die wall. Therefore, in theory, decreasing the area of the tablet in contact with the die 
wall should decrease the frictional effect on the energy dissipation. Because of this, the 
experimental investigation involved decreasing the tablet height by half and by three 
quarters to observe whether this had a significant effect on the dissipation factor versus 
frequency results. All experiments were performed at a relative density of 0.8 and 0.7% 
strain. In addition, all other variables were held constant so as to isolate the frictional 
effect.  
 Figure 5.02 and 5.03 depict the axial and radial dissipation factor versus 
frequency results for Starch, respectively. The axial results show a general correlation 
between tablet height and the estimated dissipation factor and thus friction contributes 
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significantly to dissipation within a cycle. The contribution of friction is reduced for 
smaller specimen heights. The radial results, on the other hand, depicted in Figure 5.03, 
show no visible trend between tablet height and dissipation factor. 
 In order to isolate the true viscoelastic dissipation, a linear extrapolation to zero 
tablet height was performed on the data at each frequency by use of a linear fit. These 
results are also depicted in Figure 5.02. 
 Similar results and correlations were obtained from an equivalent study performed 
on MCC. However, for MCC it was only possible to decrease the tablet height by half 
since the original tablet height was already less than 4 millimeters. Figure 5.04 and 5.05 
depict the axial and radial dissipation factor versus frequency results for MCC, 
respectively. 
 It should be noted there was concern that decreasing the height of the tablets too 
greatly would cause inconsistent density distribution in the radial direction. Because of 
this, X-Ray Tomography was performed on the tablets of different heights, for both 
Starch and MCC. The results showed no apparent density gradients with decreasing tablet 
height.   
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Figure 5.02: Friction Study Experimental Results for Axial Dissipation Factor versus 
Frequency at Varying Heights for Starch; Full Height (triangles), ½ Height 
(squares), ¼ Height (circles), Zero Height Extrapolation (diamonds). 
 Standand error bars are shown for one set of experiments for 3 specimens. 
 
 
 
 
 
Figure 5.03: Friction Study Experimental Results for Radial Dissipation Factor versus 
Frequency at Varying Heights for Starch; Full Height (triangles), ½ Height 
(squares), and ¼ Height (circles). Standand error bars are shown for one set 
of experiments for 3 specimens. 
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Figure 5.04: Friction Study Experimental Results for Axial Dissipation Factor versus 
Frequency at Varying Heights for MCC; Full Height (triangles) and ½ 
Height (squares). Standand error bars are shown for one set of experiments 
for 3 specimens. 
 
 
 
 
 
Figure 5.05: Friction Study Experimental Results for Radial Dissipation Factor versus 
Frequency at Varying Heights for MCC; Full Height (triangles) and ½ 
Height (squares). Standand error bars are shown for one set of experiments 
for 3 specimens. 
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The friction height study results were also processed in terms of the hydrostatic 
and deviatoric loss factors. Figure 5.06 and 5.07 depict the hydrostatic and deviatoric 
dissipation factor versus frequency results for Starch, respectively. Both the hydrostatic 
and deviatoric results show a general correlation between tablet height and the dissipation 
factor versus frequency behavior and thus a significant relation between friction and 
dissipation factor. So these results also suggest that friction is contributing considerably 
to the viscoelastic results. In addition, it seems that the hydrostatic dissipation results are 
very close to convergence at quarter height. 
 
 
Figure 5.06: Friction Experimental Results for Hydrostatic Dissipation Factor versus 
Frequency at Varying Heights for Starch; Full Height (triangles), ½ Height 
(squares), ¼ Height (circles) and Zero Height Extrapolation (diamonds). 
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Figure 5.07: Friction Experimental Results for Deviatoric Dissipation Factor versus 
Frequency at Varying Heights for Starch; Full Height (triangles), ½ Height 
(squares), ¼ Height (circles) and Zero Height Extrapolation (diamonds). 
 
 
 
5.3 Numerical Simulations of Frictional Energy Dissipation 
In order to understand the rate of convergence with respect to specimen height, 
two different numerical simulations were performed in ABAQUS. Both of which utilized 
similar tablet dimensions and DMA punch movements as the experiments. Also, all 
viscoelastic data was taken from the literature [8] for Starch. 
The first numerical simulation was identical to the friction experimental studies 
previously discussed. Therefore, tablet heights were varied in order to observe the effect 
of friction. Heights of 1/2, 1/4, 1/8, and 1/16 of the full height were tested in the model at 
a constant friction coefficient of 0.2. From each numerical simulation, the approximate 
loss due to friction was calculated by comparing the area inside the hysteresis curve 
(energy lost) to the maximum value obtained in the hysteresis curve (energy stored).  
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Figure 5.08 shows the results of the ABAQUS tablet height/friction study. It 
depicts the approximate loss due to friction, Wf/Wd, versus tablet height. From the figure, 
the simulated results illustrate there is a nonlinear relationship between frictional loss and 
height. This suggests that using a linear fit to extrapolate the “zero height” tan is not the 
most accurate means of determining the “frictionless” value for dissipation factor. It will 
provide a slight undershoot as compared to the real “zero height” tan. 
 
 
Figure 5.08: ABAQUS Numerical Simulation Results for the Study of Tablet Height and 
its Relation to Frictional Loss. 
 
 
 
 The second numerical simulation involved using the same tablet height for all 
simulations but varying the coefficient of friction from 0.0 to 0.2 in order to observe the 
effect on the stress output signal. The numerical model utilizes the exact dimensions of 
the specimen and similar sinusoidal DMA signal. The model results show that at a 
friction coefficient of zero there is no distortion or asymmetry in the sine curve. 
However, with increasing coefficient of friction the sine curve becomes increasingly 
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distorted, particularly in its peaks. This effect is much more exaggerated in the model 
than in the actual experiments. These results are illustrated in Figure 5.09. 
 
 
 
Figure 5.09: Results from ABAQUS Numerical Simulation of DMA experiment 
Illustrating Axial Force versus Time for No Friction (red), 0.1 Friction 
Coefficient (blue), and 0.2 Friction Coefficient (green). 
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Chapter 6: Experimental Results and Discussion 
 
6.1 In Die Experimentation and Results 
 In terms of results, Figure 6.01 shows the dissipation factor results for Starch at a 
relative density of 0.8 and a strain of 0.5%. Both axial and radial loss factor versus 
frequency results are displayed. Also illustrated in the figure is some of the raw data for 
stress/strain versus time. It is important to note that this figure shows correlation between 
the raw experimental data and the fitted dissipation factor results. The higher tan values 
show a very visible shift between the stress and strain DMA signals, whereas the lower 
values of tan do not.  
 Furthermore, the data in Figure 6.01 indicates a notable difference between the 
axial and radial loss factor versus frequency behavior. This difference could be caused by 
different viscoelastic behavior of the bulk and Young’s modulus, or an experimental 
artifact, such as friction, or by anisotropy in the material. The results of the friction study 
have already been discussed and it is very possible this behavior is related to friction. 
Additional experiments were also attempted to investigate the existence of anisotropy in 
the materials. However, the anisotropy experiments were inconclusive. 
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Figure 6.01: Dissipation Factor versus Frequency Results for Starch at 0.8 Relative 
Density and 0.5% Strain in the Axial (diamonds) and Radial (circles) 
Direction. 
 
 
Figure 6.02 and Figure 6.03 show the dissipation factor results for Starch and 
MCC in the axial and radial directions, respectively. All results in the figures represent a 
relative density of 0.8 and a strain of 0.7%. Additionally, the error bars are indicative of 
standard error taken for n=3. From these results, it can be seen that the axial loss factor 
data matches that of the literature, [8], since Starch has a higher viscoelastic effect than 
MCC. However, the radial loss factor shows opposite results than expected, with MCC 
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having a higher viscoelastic effect than Starch. It is possible that this switch in behavior is 
the result of energy dissipation caused by friction. 
Moreover, one of the variables considered in the DMA experiments was the effect 
of strain on the viscoelastic results. Figures 6.04 and 6.05 display the deviatoric and 
hydrostatic dissipation factor results, respectively, at a constant relative density of 0.8 and 
various different strains, for Starch. Figures 6.06 and 6.07 depict similar results for MCC. 
Examination of this data demonstrates that there is a minor correlation between strain and 
tan. As the strain during DMA on the specimen increases, tan experiences a slight 
increase as well. This signifies that the deformation behavior of these materials in 
deviating slightly from linear viscoelastic behavior, specifically at the higher strain 
values. 
Besides the effect of strain, the DMA experiments also focused on the effect of 
relative density on the viscoelastic behavior of the chosen pharmaceutical excipients. 
Figures 6.08 and 6.09 illustrate the deviatoric and hydrostatic dissipation factor results, 
respectively, at a constant stain of 0.7% and varying relative densities for Starch. Figures 
6.10 and 6.11 depict similar results for MCC. For each material, it can be seen from the 
results, that lower relative densities result in an increased viscoelastic effect. The only 
deviation from this behavior is the deviatoric loss factor for Starch. It is unknown as to 
why this deviation occurs. 
Additionally, it is interesting that this correlation between relative density and 
tan is much more exaggerated for MCC than it is for Starch. This exaggeration in 
behavior for MCC as compared to Starch could be related to powder morphology and 
also to the relationship between local and macroscopic strains. For example, the local 
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strain is much higher for a given macroscopic strain if the packing is inefficient. Starch 
and MCC have very different powder morphologies. The particles of Starch are spherical 
in shape and have an aspect ratio of about 1.38  0.26, whereas MCC particles have a 
fiber-like morphology and an aspect ratio of 2.19  0.99. [24] Because of this difference 
in powder morphology and arrangement, the packing of these two materials in very 
different. It is likely that the difference in density behavior seen in Figure 6.06 and 6.07 is 
related to the packing of particles.  
To clarify, if there is non-linearity, then there is more dissipation at higher strains 
(as the trends indicate). Moreover, higher aspect ratio means more inefficient packing, 
and inefficient packing results in higher local strains. Higher local strains lead to higher 
dissipation due to non-linearity. Therefore, if the material is linearly viscoelastic then the 
level of local strain does not matter. 
Although this exaggerated correlation between relative density and tan for MCC 
as compared to Starch is highly interesting, friction could also be playing a role in this. 
The specimen with 0.8 relative density is much more sensitive to friction then that of 0.9 
relative density (see Table 5), due to the difference in heights. Therefore, friction may be 
contributing to the immense difference in viscoelasticity with varying density. On the 
other hand, the same trend is expected in Starch, since it also has larger heights for lower 
relative densities. 
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Figure 6.02: Axial Dissipation Factor versus Frequency Results for Starch (squares) and 
MCC (triangles). Data is not corrected for friction. 
 
 
 
 
Figure 6.03: Radial Dissipation Factor versus Frequency Results for Starch (squares) and 
MCC (triangles). Data is not corrected for friction. 
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Figure 6.04: Deviatoric Dissipation Factor versus Frequency Results at 0.8 Relative 
Density for Starch at 0.33% Strain (triangles), 0.50% Strain (squares), and 
0.67% Strain (circles). Data is not corrected for friction. 
 
 
 
 
 
Figure 6.05: Hydrostatic Dissipation Factor versus Frequency Results at 0.8 Relative 
Density for Starch at 0.33% Strain (triangles), 0.50% Strain (squares), and 
0.67% Strain (circles). Data is not corrected for friction. 
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Figure 6.06: Deviatoric Dissipation Factor versus Frequency Results at 0.8 Relative 
Density for MCC at 0.70% Strain (triangles), 1.06% Strain (squares), and 
1.41% Strain (circles). Data is not corrected for friction. 
 
 
 
 
 
Figure 6.07: Hydrostatic Dissipation Factor versus Frequency Results at 0.8 Relative 
Density for MCC at 0.70% Strain (triangles), 1.06% Strain (squares), and 
1.41% Strain (circles). Data is not corrected for friction. 
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Figure 6.08:  Deviatoric Dissipation Factor versus Frequency Results at 0.7% Strain for 
Starch at Varying Relative Densities; 0.6 (triangles), 0.7 (squares), and 0.8 
(circles). Data is not corrected for friction. 
 
 
 
 
 
Figure 6.09:  Hydrostatic Dissipation Factor versus Frequency Results at 0.7% Strain for 
Starch at Varying Relative Densities; 0.6 (triangles), 0.7 (squares), and 0.8 
(circles). Data is not corrected for friction. 
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Figure 6.10:  Deviatoric Dissipation Factor versus Frequency Results at 0.7% Strain for 
MCC at Varying Relative Densities; 0.6 (triangles), 0.7 (squares), 0.8 
(circles), and 0.9 (diamonds). Data is not corrected for friction. 
 
 
 
 
 
Figure 6.11: Hydrostatic Dissipation Factor versus Frequency Results at 0.7% Strain for 
MCC at Varying Relative Densities; 0.6 (triangles), 0.7 (squares), 0.8 
(circles), and 0.9 (diamonds). Data is not corrected for friction. 
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 Rather than analyzing the dissipation factor by use of σzz versus zz (axial) and σrr 
versus zz (radial), a more informative means of analysis involves separation into 
hydrostatic and deviatoric dissipation factors, or (σzz+2σrr) versus zz and (σzz-σrr) versus 
zz, respectively. Unlike the axial and radial dissipation factors, the hydrostatic and 
deviatoric dissipation factors are representative of a single modulus; hydrostatic of bulk 
modulus and deviatoric of elastic modulus. This makes there comparison much more 
useful since it allows a direct comparison of the two moduli. 
 Figure 6.12 and Figure 6.13 show the dissipation factor results for Starch and 
MCC in terms of the hydrostatic and deviatoric contributions, respectively. All results in 
the figures represent a relative density of 0.8 and a strain of 0.7%. It should be noted that 
these results are friction corrected. From these results, it can be observed that for both the 
hydrostatic and deviatoric viscoelastic components, Starch has a higher viscoelasticity 
than MCC. This is in agreement with the literature [8]. By comparing the two plots, it can 
also be noticed that the deviatoric viscoelastic contribution is much higher than the 
hydrostatic contribution, for both materials. This suggests that the elastic modulus has a 
larger contribution to viscoelasticity than the bulk modulus. However, it is important to 
note that the bulk modulus does indeed have a contribution; it is nonzero. This challenges 
the assumption made by Rippie and Danielson et el. in their works, since they assumed 
the bulk viscoelasticity to be zero [17,18]. 
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Figure 6.12: Hydrostatic Dissipation Factor versus Frequency Results for Starch 
(triangles) and MCC (squares). Data is friction corrected. 
 
 
 
Figure 6.13: Deviatoric Dissipation Factor versus Frequency Results for Starch 
(triangles) and MCC (squares). Data is friction corrected. 
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As well as the dissipation factor, the data analysis also involved comparison of 
moduli. Figure 6.14 depicts both Young’s and bulk modulus versus frequency results for 
both Starch and MCC. The moduli were calculated using the mean stress and strain 
amplitudes at each frequency and Equations (23) and (24). From these results two major 
observations can be made. First, MCC has a higher Young’s and bulk modulus as 
compared to Starch. Second, the moduli show mild strain rate sensitivity.  
𝐾 =
1
3𝜀𝑧𝑧
 2𝜎𝑟𝑟 + 𝜎𝑧𝑧                                                     (23) 
𝐸 =
3𝐾(𝜎𝑧𝑧 − 𝜎𝑟𝑟 )
(𝜎𝑧𝑧 + 𝜎𝑟𝑟 )
                                                      (24) 
 
 
 
Figure 6.14: Modulus versus Frequency Results for Starch and MCC at 0.8 Relative 
Density and 0.7% Strain. 
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6.2 Out of Die Experimentation and Results 
Out of die DMA experiments were also performed on Starch and MCC. Not only 
do out of die experiments provide data which is unaffected by friction, the evaluation of 
out of die experiments with in die experiments allows for the comparison of the elastic 
and bulk components of viscoelasticity. Out of die experiments experience only the 
elastic contribution in terms of moduli, whereas in die experiments experience both 
elastic and bulk contribution. 
These experiments were performed using the same procedure as that of the in die 
experiments; including lubrication and compaction of the tablet inside the die.  However, 
once the tablet was compacted and allowed to remain in the die to relax for the same time 
as the original experiments, it was then ejected. At this point, the DMA step of the 
experiment was performed outside of the die so as to eliminate the friction between the 
tablet and the die wall. Once again, the out of die experiments were performed at a 
relative density of 0.8 and 0.7% strain.  
Figures 6.15 and 6.16 show the out of die axial dissipation factor versus 
frequency behavior for Starch and MCC, respectively. Also depicted on each graph, for 
comparison purposes, are the hydrostatic loss factor results from the in die experiments. 
In comparing these particular out of die and in die results, a direct comparison is made 
between the Young’s modulus viscoelastic contribution and the bulk modulus 
viscoelastic contribution. In terms of the in die results, the quarter height and half height 
data were used for Starch and MCC, respectively, so as to use the results least effected by 
friction.  
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In the case of both materials, the results show the out of die energy dissipation to 
be higher than that of the in die experiments. These results suggest that the Young’s 
modulus has much higher contribution to viscoelasticity than the bulk modulus. 
However, once again, it is important to note that the bulk viscoelasticity is non-zero and 
does contribute to the overall results. 
 
 
 
Figure 6.15:  Starch Experimental Results of Dissipation Factor versus Frequency for 
Experiments Performed Inside the Die (triangles) and Outside the Die 
(squares). Data is friction corrected. 
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Figure 6.16:  MCC Experimental Results of Axial Dissipation Factor versus Frequency 
for Experiments Performed Inside the Die (triangles) and Outside the Die 
(squares). Data is friction corrected. 
 
 
 
 A blend of 1% Magnesium Stearate and 99% Microcrystalline Cellulose was 
created so as to perform DMA experiments on the blend. Both the MgSt and the MCC 
were screened through a 20 mesh screen prior to mixing in order to ensure a uniform 
blend. The materials were then combined and blended in a Turbula for 2 minutes.  
 Blending MgSt into the MCC provides lubrication between MCC particles. 
Therefore, DMA experimental results will show whether energy dissipation is occurring 
due to the surfaces of the particles or due to the bulk of the particles. In explanation, the 
MgSt should cause an exaggerated energy dissipation response due to slippage, and thus 
the surfaces of particles, if it is already a major source of dissipation. 
 Figure 6.17 depicts the out of die loss factor versus frequency behavior of the 
MgSt/MCC blend as it compares to MCC alone. Both experiments were performed at a 
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relative density of 0.8 and 0.7% strain. The results show that the out of die energy 
dissipation results are approximately identical for the blend and the pure material. This 
suggests that there is sufficient bonding at the current compaction density to prevent 
slippage of particles. In other words, these results indicate there is minimal energy 
dissipation due to particle surfaces and thus the majority of energy dissipation must occur 
due to the bulk of the material for the range of frequencies examined. 
 
 
 
Figure 6.17: Results of Out of Die 1% MgSt/ MCC Blend Experiment (squares) as 
Compared to Pure MCC Out of Die Experiment (triangles). 
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Chapter 7: Conclusions 
The initial aim of this work was to better understand the effect of viscoelasticity 
on the powder compaction process. Particularly, the main goal was to evaluate the 
viscoelastic behavior in terms of the bulk modulus and make comparison to the elastic 
modulus. As a result of experiments and numerical modeling, the following conclusions 
can be drawn. 
 Mathematical calculations, experimental results, and numerical simulations suggest 
that friction between the die wall and the compacted tablet interfere in the 
measurement of bulk viscoelasticity. Decreasing tablet heights are required to extract 
the true viscoelastic effect. It is possible to approximate the “frictionless” viscoelastic 
dissipation by linearly extrapolating data from successively smaller specimen heights; 
however, this estimate will slightly undershoot the real “frictionless” response 
according to numerical simulation results. 
 Dissipation factor results are consistent with the higher frequency results for [8] in 
that Starch has higher viscoelastic behavior than MCC. Both the deviatoric and 
hydrostatic dissipation factors were consistent in this matter. Evaluating the 
viscoelasticity by use of the deviatoric and hydrostatic components successfully 
allowed comparison of the deviatoric and bulk (hydrostatic) contributions. These 
results also illustrated that the bulk modulus contribution to viscoelasticity is not 
equal to zero, contrary to the assumption of Rippie and Danielson [17,18], but is 
indeed smaller than the corresponding effect in the shear modulus. 
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 Experimental results illustrated that higher values of strain had a slightly higher 
viscoelastic effect in the case of both materials. This is indicative that behavior is 
deviating slightly from linear viscoelastic behavior. 
 A correlation between relative density and viscoelasticity was observed. For both 
materials, lower relative densities produced a higher viscoelastic effect. However, this 
behavior was much more pronounced in MCC than in Starch. It is possible that the 
exaggerated behavior in MCC as compared to Starch is related to differences in 
powder morphology and packing behavior. However, friction could play a role as 
well. 
 Out of die versus in die experimental results suggest that the bulk viscoelastic 
contribution is smaller than the elastic contribution.  
 MCC + 1%MgSt blend results as compared to pure MCC suggest that the majority of 
energy dissipation is occurring die to the bulk of the particles rather than from the 
surfaces of particles for the frequencies examined. 
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Chapter 8: Future Work 
• Investigate the effect of temperature on the viscoelasticity of powder compacts 
and time/temperature equivalence. Higher temperatures will be studied for 
practical interest and lower temperatures will be studied for time/temperature 
equivalence. 
• Investigate the effect of confining pressure on viscoelasticity (problematic due to 
friction). It is expected that higher pressures will produce a lower viscoelastic 
effect since at higher pressures the material behaves more like a solid with 
minimal movement of particles. However, higher pressures will create higher 
friction between the compacted tablet and the die wall, which will bias the results.  
• Repeat anisotropy study to determine whether anisotropy exists in the Starch and 
MCC compacts. Evaluate its role on the viscoelasticity results. 
• Further evaluation of the effect of viscoelasticity on the powder compaction 
process in terms of numerical simulation. Particularly, to develop a working 
numerical model of the viscoelastic behavior which occurs during the compaction 
of a tablet. 
 
 
 
 
 
 
 
 
 
 
84 
List of References 
 
 
 
 
[1]  Pharmaceutics the science of dosage form design. Edinburgh ; New York: Churchill   
Livingstone, 2002. 
 
[2]  Pharmaceutical production an engineering guide. Rugby, Warwickshire: IChemE, 
2003. 
 
[3]  Salmon, Agba D., Michael J. Hounslow, and Jonathan P.K. Seville, eds. 
Granulation, Volume 11 (Handbook of Powder Technology) (Handbook of Powder 
Technology). St. Louis: Elsevier Science, 2006. 
 
[4]  Ward, I. M., and D. W. Hadley. An Introduction to the Mechanical Properties of 
Solid Polymers. New York: John Wiley & Sons Canada, Limited, 1993. 
 
[5]  Ferry, John D. Viscoelastic Properties of Polymers. New York: John Wiley & Sons, 
1980. 
 
[6]  Painter, Paul C. Fundamentals of polymer science an introductory text. Lancaster, 
Pa: Technomic Pub. Co., 1997. 
 
[7]  Hancock, Bruno C., Chad R. Dalton, and Sophie-Dorothee Clas. "Micro-scale 
measurement of the mechanical properties of compressed pharmaceutical powders. 
2: The dynamic moduli of microcystalline cellulose." Internation Journal of 
Pharmaceutics 228 (2001): 139-45. 
 
[8]  Welch, K., S. Mousavi, B. Lundberg, and M. Stromme. "Viscoelastic 
characterization of compacted pharmaceutical excipient meterials by analysis of 
frequency-dependent mechanical relaxation processes." The European Physical 
Jounal E 18 (2005): 105-112. 
 
[9]  Radebaugh, Galen W., Babu, Suresh R., and Bondi, Joseph N. “Characterization of 
the viscoelastic properties of compacted pharmaceutical powders by a novel 
nondestructive technique.” International Journal of Pharmaceutics 57 (1989): 95-
105. 
 
[10]  Augsburger, Larry L., and Stephen W. Hoag. Pharmaceutical Dosage Forms: 
Tablets, Third Edition Volume 1 Unit Operations and Mechanical Properties. New 
York: Informa Healthcare, 2007. 
 
[11]  Swarbrick, James. Encyclopedia of Pharmaceutical Technology. New York: Taylor 
& Francis Group, 2006. 
 
85 
[12]  Chulia, D., M. Deleuil, and Y. Pourcelot, eds. Powder technology and 
pharmaceutical processes. Amsterdam: Elsevier, 1994. 
 
[13]  Alderborn, Göran, and Christer Nyström. Pharmaceutical powder compaction 
technology. New York: Marcel Dekker, 1996. 
 
[14]  Train, D. “An investigation into the compaction of powders.” The Journal of 
Pharmacy and Pharmacology 8 (1956): 745-761. 
 
[15]  York, P. “Particle slippage and rearrangement during compression of particle 
powders.” The Journal of Pharmacy and Pharmacology 30 (1978): 6-10. 
 
[16]  Shaw, Montgomery T., and William J. MacKnight. Introduction to Polymer 
Viscoelasticity. New York: Wiley-Interscience, 2005. 
 
[17]  Rippie, Edward G., and Douglas W. Danielson. “Viscoelastic Stress/Strain 
Behavior of Pharmaceutical Tablets: Analysis during Unloading and 
Postcompression Periods.” Journal of Pharmaceutical Sciences 70 (1981): 476-482. 
 
[18]  Danielson, Douglas D., William T. Morehead, and Edward G. Rippie. “Unloading 
and Postcompression Viscoelastic Stress versus Strain Behavior of Pharmaceutical 
Solids.” Journal of Pharmaceutical Sciences 72 (1983): 342-345. 
 
[19]  Pharmaceutical Excipients. London: Pharmaceutical Press. Electronic version, 
2004. 
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APPENDIX A:  Calculation of Energy Dissipation Caused By Friction 
 
 
 
 
 In this Appendix, the ratio of energy dissipation due to friction to energy 
dissipation due to viscoelasticity is computed.  
 
The stored energy of a viscoelastic material can be described by the highest point on the 
hysteresis curve, which is represented by the following equation: 
1
2
𝜋𝑅2𝐻   𝜎𝑧𝑧  𝑡  𝜀 𝑧𝑧 (𝑡)  𝑑𝑡

0
 
The loss energy of a viscoelastic material can be described by the area inside the 
hysteresis curve, which is represented by the following equation: 
𝜋𝑅2𝐻  𝜎𝑧𝑧  𝑡  𝜀 𝑧𝑧  𝑡  𝑑𝑡

0
 
The main question which is to be answered is how friction energy compares with 
viscoelastic loss energy. Therefore, in order to determine the friction energy, the 
differential slice method from the work of Cunningham, et al. was used. [23] The method 
regards an elemental slice dz situated at distance z from the bottom of a cylindrical 
compact of diameter D and height H (See Figure A.1). 
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Figure A.1: Graphical representation of force balance during tablet compaction. 
 
It is important to note that there is loss in both the up and down motion of the experiment. 
Hence, the equation for loss due to friction becomes: 
2𝜇𝜎𝑟𝑟 (𝑡) ∙ 2𝜋𝑅𝑑𝑧 ∙ 𝜈0 ∙
𝑧
𝐻 2 
 
Minor simplification and consideration that the equation must be integrated over half the 
tablet height gives: 
= 2𝜇𝜎𝑟𝑟 (𝑡) ∙
4𝜋𝑅
𝐻
∙ 𝜈0(𝑡)  𝑧 𝑑𝑧
𝐻/2
0
 
By integration and consideration that 𝜈0 𝑡 = 𝜀 𝑧𝑧 (𝑡) ∙ 𝐻, the equation becomes: 
= 𝜇𝜋𝑅𝐻2 ∙ 𝜎𝑟𝑟 (𝑡) ∙ 𝜀 𝑧𝑧 (𝑡) 
An additional integration over a single cycle of strain ocscillation gives the frictional 
energy loss. 
𝑊𝑓 = 𝜇𝜋𝑅𝐻
2 ∙  𝜎𝑟𝑟 (𝑡) ∙ 𝜀 𝑧𝑧 (𝑡)
𝑇
0
 𝑑𝑡 
So the ratio of frictional energy loss to viscoelastic energy loss becomes: 
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𝑊𝑓
𝑊𝑑
=
𝜇𝜋𝑅𝐻2 ∙  𝑠𝑖𝑔𝑛(𝜀 𝑧𝑧  𝑡 ) ∙ 𝜎𝑟𝑟 (𝑡) ∙ 𝜀 𝑧𝑧 (𝑡)
𝑇
0
 𝑑𝑡
𝜋𝑅2𝐻  𝜎𝑧𝑧  𝑡  𝜀 𝑧𝑧  𝑡  𝑑𝑡

0
 
Note that: 
𝜎𝑧𝑧  𝑡 = 𝜎 𝑧𝑧 + ∆𝜎𝑧𝑧 ∙ sin 𝜔𝑡 + 𝛿  
𝜀𝑧𝑧  𝑡 = 𝜀 𝑧𝑧 + ∆𝜀𝑧𝑧 ∙ sin 𝜔𝑡  
𝜀 𝑧𝑧  𝑡 = ∆𝜀𝑧𝑧 ∙ cos⁡(ωt) ∙ ω 
𝜎𝑟𝑟  𝑡 = 𝜎 𝑟𝑟 + ∆𝜎𝑟𝑟 ∙ sin 𝜔𝑡 + 𝛿𝑟  
Further simplification and evaluation of the integral gives the final result: 
𝑊𝑓
𝑊𝑑
=
4𝜇𝐻𝜎 𝑟𝑟
𝜋𝑅 ∙ ∆𝜎𝑧𝑧 ∙ sin𝛿𝑧
 
 
 
 
